Canine parvovirus (CPV) emerged as an apparently new virus during the mid-1970s. The origin of CPV is unknown, but a variation from feline panleukopenia virus (FPV) or another closely related parvovirus is suspected. Here we examine the in vitro and in vivo canine and feline host ranges of CPV and FPV. Examination of three canine and six feline cell lines and mitogen-stimulated canine and feline peripheral blood lymphocytes revealed that CPV replicates in both canine and feline cells, whereas FPV replicates efficiently only in feline cells. The in vivo host ranges were unexpectedly complex and distinct from the in vitro host ranges. Inoculation of dogs with FPV revealed efficient replication in the thymus and, to some degree, in the bone marrow, as shown by virus isolation, viral DNA recovery, and Southern blotting and by strand-specific in situ hybridization. FPV replication could not be demonstrated in mesenteric lymph nodes or in the small intestine, which are important target tissues in CPV infection. Although CPV replicated well in all the feline cells tested in vitro, it did not replicate in any tissue of cats after intramuscular or intravenous inoculation. These results indicate that these viruses have complex and overlapping host ranges and that distinct tissue tropisms exist in the homologous and heterologous hosts.
Canine parvovirus (CPV) and feline panleukopenia virus (FPV) are naturally derived viruses which are classified according to the host from which they were isolated. CPV and FPV are considered to be host range variants among the feline parvoviruses in the genus Parvovirus (51) .
CPV and FPV isolates differ in less than 2% of their genomic DNA sequences (27, 35, 44, 45) , and they are very similar antigenetically. However, they can be distinguished by using specific monoclonal antibodies (MAbs) (38, 40, 53) , and they do show differences in their pH dependence of hemagglutination. CPV hemagglutinates rhesus macaque or pig erythrocytes over a broad pH range, between pH 6.0 and pH 8.0, whereas FPV isolates hemagglutinate these erythrocytes only below about pH 6.8 (11, 31, 36) .
A further striking difference is in host range, since FPV strains have been shown to replicate in feline cells and cats but not in cultured canine cells. In contrast, CPV isolates have been shown to replicate in canine and feline cells in culture as well as in dogs (3, 10, 36) . As with other autonomously replicating parvoviruses, these viruses have a tropism for tissues containing dividing cells, and in older animals both viruses replicate in cells in the lymphoid tissues, as well as in the rapidly dividing cells of the epithelium of the small intestine. There may be differences in the cell tropism of the two viruses, because FPV causes a profound leukopenia in cats whereas CPV infection of dogs results in only a relative lymphopenia.
The in vivo host ranges of the viruses have not been well defined. CPV-like isolates have been isolated from domestic dogs, wolves, and coyotes, as well as from other members of the family Canidae (16, 25, 34) . FPV probably in foxes (2, 5, 34) . However, little is known about the heterologous host ranges of the viruses. Previous studies suggest that FPV isolates probably replicate to some degree in dogs but that the virus is not shed in the feces (43) . Little is known about CPV infection of cats, although one study has indicated that CPV replicated in cats in a pattern similar to FPV (17) .
A detailed knowledge of the host ranges of these viruses is important for understanding the origin and evolution of CPV. CPV was first recognized around 1978, and the virus spread rapidly into most populations of domestic and wild canids (4, 20, 33, 41, 42, 48, 58, 59 ). Retrospective serological studies indicate that CPV first infected dogs in the mid-1970s (20, 37, 48) (23, 39) . Virus antigen was also assayed in the hemagglutination test by using rhesus macaque erythrocytes in barbital acetate buffer (pH 6.2) as described previously (39, 40) . Table 3 ). Tissue samples were snap-frozen in liquid nitrogen or immediately fixed in ice-cold periodate-lysine-paraformaldehyde-glutaraldehyde (PLPG) solution (1) . Aspirates of bone marrow cells collected from the femur were spun onto poly-L-lysine-coated microslides, fixed in ice-cold PLPG solution, and stored at -20°C. Frozen tissues were stored at -70°C, and PLPG-fixed tissues were paraffin embedded. In situ hybridization. In situ hybridization of frozen tissue sections or PLPG-fixed cytospins was performed essentially as described elsewhere (1, 56) with strand-specific RNA probes. The probes were transcribed, by using either T7 or SP6 polymerase, from plasmid pBI264, which represents about 2,000 bases of the CPV genome (map units 59 RF DNAs could be demonstrated in extracts of feline cells collected 3 days after inoculation (Fig. 1A) . The amount of RF DNA in Fc2Lu cells was comparatively small (Fig. 1A ), but this cell line clearly supported replication of both CPV and FPV.
CPV replicated efficiently in two of three canine cell lines investigated, A72 and Cf2Th, but none of the canine cell lines supported efficient replication of FPV, even when inoculated with FPV at a MOI of 100 PFU per cell ( Fig. 1 ; Table 1 ). The canine T-cell-derived cell line CT 45-S was not permissive for either CPV or FPV ( Fig. 1; Table 1 ). A faint RF DNA band was seen occasionally in extracts of FPVinoculated A72 cells, indicating a very low level of DNA replication (Fig. 1A) .
(ii) Virus replication in lymphoid cells of cats and dogs. PBL cultures showed a similar pattern of viral susceptibility to that seen for permanent cell lines. Both CPV and FPV replicated efficiently in feline PBLs, whereas only CPV replicated in canine PBLs, as determined by PFU titration of tissue culture supernatants (Table 2) and by the presence of RF DNA from infected cells (Fig. 2) . Viral RF DNAs could be recovered from CPV-inoculated canine and feline PBLs and from FPV-inoculated feline PBLs but not from FPVinoculated canine cells (Fig. 2A) . The low FPV titers recovered from supernatants of canine PBLs after 3 days (Table 2) are most probably residual inoculum, since no RF DNA could be demonstrated in Hirt supernatants of those cells ( Fig. 2A) . Both inocula gave efficient infections of the homologous host cells even at very low MOIs, down to 10-4 PFU per cell (Fig. 2B and C) . The [3H]thymidine incorporation by the PBLs decreased during the course of infection, the degree of decrease being dependent on the inoculum titer (data not shown).
In vivo studies. A total of seven dogs were inoculated with 5 x 105 to 1 x 106 PFU of CPV-d as detailed in Table 3 .
Virus was inoculated intranasally, intramuscularly, or intravenously. Another four dogs were inoculated either intranasally or intravenously with FPV-b. Groups of two cats each were inoculated intramuscularly or intravenously with 0.5 x 106 to 1 x 106 PFU of FPV-d or CPV-d (Table 3) . (i) Canine inoculations. All dogs inoculated with CPV acquired a systemic infection. Virus could be recovered from several regions of the small and large intestine and from a variety of tissues of the lymphatic system. The ileum and thymus consistently had the highest virus titers (Table 3) . Viral DNA could be demonstrated by Southern blot analysis of total DNA recovered from these tissues (Fig. 3) . Virus replication was also demonstrated in the thymus, mesenteric lymph node, and ileum by in situ hybridization with the minus-sense RNA probe (Fig. 4A, C, High titers of FPV could be recovered from the thymus of inoculated dogs, whereas much lower titers were recovered from the spleen ( Table 3 ). The replication of FPV in the canine thymus was confirmed by both Southern blot analysis (Fig. 3) and in situ hybridization with the minus-sense probe (Fig. 4B) . FPV-replicating cells could also be readily demonstrated in the bone marrow by in situ hybridization (Fig.   5) . No virus or viral DNA could be detected in the small intestine or mesenteric lymph nodes (Table 3 ; Fig. 3 and 4D and F).
(ii) Feline inoculations. FPV was recovered on days 4 and 5 postinoculation from several regions of the small intestine and from lymphatic tissues of the cats after either intravenous or intramuscular inoculation. The identities of viruses reisolated from each animal were confirmed with CPV-or FPV-specific MAbs. The FPV replicated to high titers in the thymus and the small intestine, whereas lower titers were recovered from the spleen and mesenteric lymph nodes (Table 3 ). Viral DNA was recovered from the thymus, mesenteric lymph nodes, and ileum (Fig. 3) , and cells containing FPV DNA or mRNA were also demonstrated in these organs by in situ hybridization with the minus-sense probe (Fig. 6B, D, and F) . (Table 3) , no viral DNA or virus-replicating cells were found in the tissues investigated by Southern blot analysis or by strand-specific in situ hybridization ( Fig. 3 and 6A , C, and E), and no animal had seroconverted by day 4 after inoculation (Table 3 Fig. 1 ).
Lymphoid cells are a major target for CPV and FPV replication in dogs and cats (8, 9, 12, 14, 29, 30) . CPV replicated efficiently in both feline and canine PBLs, whereas FPV replicated only in feline PBLs (Table 2 ; Fig. 2 ).
The low virus titers in the supernatant of FPV-inoculated canine PBLs were probably derived from the inoculum, since no viral RF DNA could be demonstrated in those cells ( Fig. 2A; (Fig. 3) and by in situ hybridization (Fig. 4B ).
Virus-replicating cells were also found in the bone marrow ( Fig. 5) and occasionally in the spleen (results not shown).
No FPV replication was detectable in the canine small intestine or mesenteric lymph nodes (Table 3 ; Fig. 3 and 4D and F). The histological pattern of FPV replication in the canine thymus, with positive cells mainly in the cortex, suggests some differentiation-dependent T-cell tropism of FPV replication. Stem cells derived from the bone marrow are initially located as subcapsular lymphoblasts in the thymic cortex. These CD4-CD8-cells divide rapidly; most of them differentiate into CD4+ CD8+ progeny cells, and a proportion finally mature into CD4+ or CD8+ lymphocytes. As the immature progenitor cells differentiate in the thymic cortex (26, 57) , it is possible that one of those populations in the canine thymus (CD4-CD8-or CD4+ CD8+) is particularly permissive for FPV. The pathway of entry of the virus into the thymus is unknown. The blood-thymus barrier in the cortex region is relatively impermeable for high-molecularmass molecules. Since FPV-replicating cells were found in the bone marrow (Fig. 5) , and since both feline myeloid and erythroid progenitor and precursor cells have been shown to be susceptible to FPV infection in vitro (22) , infected bone marrow-derived cells could be responsible for the viral invasion of the thymus. Experiments to further define the FPV-susceptible canine cells and the possible mechanisms of entry are in progress.
The molecularly cloned CPV-d strain replicated efficiently in dogs, with the typical tissue tropism described for CPV (24, 29, 30) . The virus replicated in a variety of lymphoid tissues and in the small and large intestine, and an antibody response was observed as early as 4 days postinfection ( Table 3) . The virus PFU titers recovered from inoculated animals varied greatly depending on the degree of seroconversion, indicating that virus-neutralizing antibodies affected the recovery of infectious virus from ground tissues. The demonstration of RF DNA in these tissues (Fig. 3) and of positive signals by the in situ hybridization was a more reliable criterion for viral replication at later times after infection.
CPV inoculation of cats also revealed unexpected results. (Fig. 3) , and in situ hybridization was negative for all tissues (Fig. 6A, C , and E). The reason for this lack of replication is unknown. However, one possibility is that the virus is cleared or masked before it can adsorb to a susceptible target cell. (8, 14) . Virus was recovered from various tissues of the lymphatic system and from the intestine (Table  3) , and DNA analysis revealed active virus replication in the ileum, mesenteric lymph node, thymus, bone marrow, and spleen ( Fig. 3 and 6B , D, and F; data not shown). The cats developed virus-specific antibodies when tested 4 days after inoculation ( Table 3) .
The tissue tropism of CPV in dogs and FPV in cats was very similar to that seen in mink infected with the closely related mink enteritis virus (56) (15, 52, 54) , showed that differences in cell tropisms were seen after infection of neonatal animals (7, 19) . The importance of the nonstructural protein NS2 for efficient in vivo replication was also demonstrated (7), although it is not required for efficient replication in certain cell lines in vitro (32 (36) . CPV has changed rapidly since its emergence, giving rise to at least two distinct antigenic types (designated CPV type 2a and CPV type 2b), each of which largely replaced the previous antigenic type of virus (37, 41, 42) . In the course of that evolution, the CPV DNA sequences continued to diverge from those of FPV (37) . The host range of FPV defined here and the genetic and evolutionary studies of CPV and FPV support the possibility that CPV originated as a variant of an FPV-like virus and that the virus has subsequently evolved to become better adapted to dogs. In future studies we will seek to define the mechanisms which determine the altered tissue tropisms revealed here and the specific differences between the CPV variant types. 
